A study of the correlations between the stoichiometry, secondary phases and transition metal ordering of LiNi 0.5 Mn 1.5 O 4 was undertaken by characterizing samples synthesized at different temperatures. Insight into the composition of the samples was obtained by electron microscopy, neutron diffraction and X-ray absorption spectroscopy. In turn, analysis of cationic ordering was performed by combining neutron diffraction with Li MAS NMR spectroscopy. Under the conditions chosen for the synthesis, all samples systematically showed an excess of Mn, which was compensated by the formation of a secondary rock salt phase and not via the creation of oxygen vacancies. Local deviations from the ideal 3:1 Mn:Ni ordering were found, even for samples that show the superlattice ordering by diffraction, with different disordered schemes also being possible. The magnetic behavior of the samples was correlated with the deviations from this ideal ordering arrangement. The in-depth crystal-chemical knowledge generated was employed to evaluate the influence of these parameters on the electrochemical behavior of the materials.
Introduction
Lithium-ion batteries are the power source of choice in electric drive vehicles available in the market, 1 and are being considered for a number of stationary storage applications. 2 However mature as the technology may seem, improvements in terms of safety, life and, particularly, energy density are still required to fulfill the demand of these applications. 3 One strategy to increase the amount of energy that can be stored in a battery is to raise the voltage at the positive electrode, since the negative electrode materials already operate close to the potential of metallic lithium. LiNi 0. 5 Mn 1.5 O 4 4, 5 has emerged as a promising candidate because the potential (~4.7 V vs. Li + /Li 0 ) at which lithium is removed from the structure is the highest among the viable options. 6 Recent studies have shown the promise of Li-ion batteries based on this material. [7] [8] [9] The most important barrier to applicability of LiNi 1/2 Mn 3/2 O 4 is precisely due to the high voltage of operation, which is outside the window of stability of the electrolyte solutions used in Li-ion batteries. 6 As a result, spurious reactions occur during cycling [10] [11] [12] [13] that lead to passivation layers on the surface of the electrode which compromise the life of the whole device. This undesirable process is aggravated at small particle sizes due to the increase in surface area. 10, 14 Therefore, the conventional approach to increase the performance of an electrode through a reduction of diffusion lengths with nanostructured active materials [15] [16] [17] is precluded for LiNi 0. 5 Mn 1.5 O 4 , and, instead, large particles that have optimized transport properties are required. Consequently, full understanding of the bottlenecks to such transport in the bulk needs to be achieved. This correlation cannot be established without in-depth knowledge of the crystal chemistry (composition, structure) of the compound, as it critically affects the mobility of charge carriers in the material. 18, 19 LiNi 0. 5 Mn 1.5 O 4 crystallizes in a spinel structure with Li + ions located on the tetrahedral sites and the transition metal ions on the octahedral sites in an oxygen cubic close packed network. This structure favors fast 3-D lithium diffusion within the framework. The stoichiometric material has Ni and Mn in the +2 and +4 redox states, respectively, 5, 20 Li extraction formally occuring via the oxidation of Ni 2+ to Ni 4+ , the Mn 4+ ions remaining as spectators. The distribution of cations on the octahedral sites is found to depend on synthesis conditions. Ni and Mn have been proposed to either order in the 4a and 12d sites of a P4 3 32 space group or be randomly distributed in the 16d sites of a Fd-3m-type unit cell. An orderto-disorder transition has been reported by several authors to occur at around 700 °C. [21] [22] [23] The transition is associated both with a loss of oxygen in the sample 23, 24 and the generation of Mn 3+ in the spinel structure, which is identified by the onset of electrochemical activity of the material around 4.0 V vs. Li + /Li 0.5 It has been proposed by some authors that these parameters are correlated, with oxygen loss creating anionic vacancies in the spinel lattice that, together with the presence of Mn 3+ , induce structural disorder. 23, 25 However, direct evidence for oxygen vacancies is difficult to obtain because of the limited tools available to measure with high accuracy the content of O 2− in a solid. Although thermogravimetric analysis under several atmospheres is consistent with uptake and release of O 2 , 23, 24 this phenomenon could be simply due to the formation of a rock salt secondary phase, 26 which has a lower oxygen-to-metal ratio. Some evidence of oxygen vacancies was provided using refinements of neutron diffraction data, 24 but other samples in the same study were found to contain Mn 3+ with full occupancy of the oxygen site, suggesting that oxygen loss and manganese reduction are not correlated.
It has previously been shown that the structural characteristics of different LiNi 0. 5 Mn 1.5 O 4 samples have an impact on both the mechanism of Li extraction 19, 21, 23 and their electrochemical performance; the disordered samples are generally considered to have better rate capabilities. 23 The origin of this improved performance is not fully understood. Indeed, first principle calculations indicate that the barriers for lithium motion are similar in both types of structure. 27 The elucidation of the structure-composition-properties relationship is further complicated by the fact that a complete picture of the interplay between the different ordering schemes, mechanism of oxygen loss and the formation of Mn 3+ in the spinel structure, which creates carriers that could enhance electronic conductivity, 28, 29 remains to be fully revealed. In order to achieve this knowledge, simultaneous analysis of the sample by tools sensitive to multiple parameters and scales is required.
The aim of this work is to investigate the local and long-range structure so as to help identify the parameters that are critical for optimal electrochemical properties. With this aim in mind, we synthesized a series of samples formulated as LiNi 0.5 Mn 1.5 O 4 at different temperatures, using the same precursors and following similar synthetic approaches to those used by many studies in the literature. 24, [30] [31] [32] [33] Such approach delivered a series of very different samples with which to explore the crystal-chemical space around this composition. Analysis of the possible cation arrangements was performed by combining neutron diffraction (ND), which provides long-range information that is sensitive to ions with similar atomic numbers (such as Ni and Mn), with Li magic angle spinning (MAS) nuclear magnetic resonance (NMR), a tool with sensitivity to very short length scales (1 to 2 chemical bonds). The composition of the samples was analyzed by ND, electron microscopy and X-ray absorption spectroscopy (XAS). Further insight into transition metal ordering and the presence of impurities was provided by the magnetic properties of the samples. The complete crystal-chemical picture that emerged from this combination of probes was employed to evaluate the influence of these parameters on the electrochemical behavior of the materials. This study complements our recently published analysis of the effect of microstructure on an extended series of samples. 14 The reader is referred to this earlier report for a complete characterization of particle size and morphology of the samples.
Experimental

Synthesis
Samples with initial nominal Mn/Ni and Li/transition metal (TM) ratio of 1/3 and 1/2, respectively, were synthesized from hydroxide precursors at different temperatures. A mixed nickel manganese hydroxide was prepared by the dropwise addition of 50 ml of a water solution containing stoichiometric amounts of NiSO 4 ·6H 2 O and MnSO 4 ·H 2 O to 400 ml of a solution containing NaOH in a three-fold excess. The resulting brown powder was filtered, washed with water repeated times, heat-treated at 150°C overnight, and, finally, mixed with stoichiometric amounts of LiOH·H 2 O. The mixture was pelletized and fired in air at different temperatures ranging from 500 to 1000°C for 12 h. The cooling rate was set at 5°C/ min for all samples. The sample made at 1000°C was subject to a second heat-treatment at the same temperature for 24 h. The samples are labeled OH"T"C, where "T" indicates the heat treatment temperature.
Crystal-chemical characterization
Powder ND data were obtained using the D1A high-resolution powder diffractometer at the Institut Laue Langevin (ILL). Data were taken at room temperature (RT) using a short wavelength of λ = 1.39 Å in order to assure a high accuracy for the determination of site occupations, with a step size of 0.1° on a 2θ domain ranging from 5° to 155°. All Rietveld refinements were carried out with the FullProf program 34 (Windows version, May 2010) using the pseudo-Voigt profile function of Thompson, Cox and Hastings. 35 The electron diffraction (ED) patterns and TEM images were recorded with a JEOL 2010 electron microscope equipped with an EDS (energy dispersive spectroscopy) analyzer. X-ray absorption near edge spectroscopy (XANES) at the Mn and Ni K-edges was collected in transmission mode on beamline 4-1 at the Stanford Synchrotron Radiation Lightsource (SSRL) at SLAC National Accelerator Laboratory (Menlo Park, USA). Samples were prepared in the form of finely ground powder smeared onto pieces of adhesive tape. Higher harmonics in the X-ray beam were minimized by detuning the Si(220) monochromator by 50% at the Mn edge and by 35% at the Ni edge. Energy calibration was carried out by using the first inflection points in the spectra of Mn and Ni metal foil as references, at 6539 and 8333 eV, respectively. Data for MnO was collected at BM29 beam line at ESRF (Grenoble, France) in an earlier study. 36 Experimental details can be found in the corresponding reference.
The 6 Li MAS NMR experiments were performed at 29.39 MHz on a Chemagnetics CMX-200 spectrometer (B 0 =4.7 T) using a double-resonance 1.8 mm probe, with silicon nitride rotors spun at a speed of 38 kHz. All of the spectra were acquired following a rotorsynchronized Hahn echo sequence (90°-τ-180°-τ acquisition) and referenced to a standard 1 M 6 LiCl solution at 0 ppm. π/2 pulses of 3.5 µs were used, with an acquisition delay time of 0.2 s. Spectral deconvolution was performed using the NUTS NMR data processing software.
Measurement of magnetic properties
Magnetic properties were studied on Quantum Design MPMS and PPMS instruments. A SQUID magnetometer (Quantum Design MPMS XL-5) was used to measure dc magnetic susceptibility (χ=M/H, M is magnetization, H is applied magnetic field) of the samples from 400 to 2 K in a magnetic field of 1000 Oe. Field-cooled (FC) and zero-field-cooled (ZFC) magnetizations were measured over the same temperature range in the magnetic fields of 10 Oe. FC susceptibility was measured by cooling the sample in the magnetic field. Before taking ZFC data, the remnant magnetic field was quenched to less than 3 mOe, the sample was cooled to 2 K, then the magnetic field was applied and the temperature dependence was measured while heating the sample. Magnetization curves were measured at 2 K in the magnetic fields up to 9 T using Quantum Design PPMS. The sample was zero-field cooled to 2 K before the magnetization data was taken.
Electrochemical characterization
Electrochemical characterization was performed in a lithium metal half-cell configuration. For this purpose, composite electrode films were made by mixing the different LiNi 0.5 Mn 1.5 O 4 samples with acetylene black and polyvinylidene difluoride (PVDF, Kureha Corp.) and making a slurry in N-methylpyrrolidone (NMP). The slurry was cast onto aluminum foil, dried at room temperature, followed by a treatment at 100°C in vacuum. The ratio of LiNi 0.5 Mn 1.5 O 4 : carbon : PVDF was 80 : 10 : 10. The active material loadings in the electrodes were approximately 3.5 mg/cm 2 . Testing was performed using lithium metal as counterelectrode, Celgard 2400 as separator and 1 M LiPF 6 in ethylenecarbonate (EC) : dimethyl carbonate (DMC) in a 1 : 2 volume ratio as an electrolyte. The current density was set to a value corresponding to a C/10 rate, which corresponds to the delivery of the theoretical capacity (C=147 mAh/g) in 10 hours. The upper and lower cutoff voltages were set at 5.0 and 3.5 V, respectively.
Results and Discussion
Neutron Diffraction
ND patterns for all samples are shown in Figure 1 . Among all the prepared samples, only sample OH700C exhibited superstructure peaks that can be indexed with a P4 3 32 space group, indicating the existence of Ni and Mn ordering. The diffraction pattern of the remaining samples could be indexed with the Fd-3m unit cell that corresponds to a disordered spinel. However, a modulation of the background scattering arising from shortrange order was detected between 19° and 26°, 2θ, in most samples, being more marked in samples OH600C and OH800C. A shift of the main diffraction reflections of the spinel phase towards lower angles, consistent with an expansion of the unit cell, was also clearly visible for OH900C and OH1000C. Diffraction peaks corresponding to a secondary phase that could be indexed using a rock salt structure (space group Fm-3m) progressively appeared in the diffraction patterns of the samples made at 800°C and above. These reflections almost completely overlapped with those of the spinel phase in sample OH1000C. The presence of this rock salt phase has ubiquitously been reported in samples formulated so as to make a sample with composition LiNi 0.5 Mn 1.5 O 4 . 37 Rietveld refinement of sample OH700C was performed using the structure published by Gyffroy et al., 38 with space group P4 3 32, as the starting point. Cell parameters, atomic parameters, profile parameters and background points were refined. Introduction of oxygen vacancies was attempted but the refinement always converged to a full oxygen occupation. The best fit ( Figure 2a ) was obtained when the occupancies of Ni and Mn were left to vary allowing the introduction of transition metal cation mixing. The refined composition can be written as Li[Ni 0.39 Mn 0.11 ] 4b [Mn 1.42 Ni 0.08 ] 12d O 4 , which represents a slight excess of Mn content with respect to the theoretically formulated amount. Final atomic positions and Rietveld refinement details are summarized in Table 1 and atomic distances are detailed in Table 3 . The final values compare well with previous literature reports. 17, 38 The other members of the OH"T"C series were successfully refined with the Fd-3m space group, as expected from the absence of superstructure peaks (Table 2 ). However, two very small reflections at ~19 and 22°, 2θ (see asterisks in Figure 1 ) remained unindexed in samples OH800 and 900C. Attempts to account for them by introducing other obvious possible impurity phases such as Li 2 MnO 3 or Li 2 CO 3 into the Rietveld refinements did not yield satisfactory results. The refined profiles for samples OH500C and OH800C are shown as representative examples in Figure 2b and c. Variation from the nominal stoichiometry in the spinel phase was also investigated by refining oxygen occupancies but, as in sample OH700C, no oxygen deficiency was found. In contrast, manganese excess coupled with nickel deficiencies were found to be common to all the samples when the relative amounts of each cation were left to vary (but constrained to a full occupation of 16d sites). The obtained results suggest that the composition of the low temperature samples can be written as LiNi 0. 45 Mn 1.55 O 4 . This composition matched well, within error, the refined composition of sample OH700C (Figure 3 ). In contrast, above 800°C, the refined compositions of the spinel phase, LiNi 0.43 Mn 1.57 O 4 for sample OH900C and LiNi 0.33 Mn 1.67 O 4 for OH1000C, are indicative of a significant enrichment in manganese. These changes are consistent with the observed unit cell expansion, as the preservation of charge balance in the absence of oxygen vacancies is achieved by the replacement of Mn 4+ by the larger Mn 3+ ions ( Figure  3 ). 39 Average TM-O and Li-O atomic distances were also found to gradually increase both for Mn/Ni and Li atoms (Table 3) , as expected from this volume expansion.
Different compositions have been suggested for the secondary rock salt phase: Li 0.18 Ni 0.82 O from the comparison of its lattice parameter with respect to those of NiO and MnO 5 , or (Li 0.333 Mn 0.5 Ni 0.167 ) x O if the same element ratio as the spinel is assumed, with x~0.93 at 900°C-950°C and x~1 at 1100°C. 24 Provided that no other impurities are present, the refined spinel compositions imply that the rock salt phase is nickel-rich (relative to the overall Ni:Mn ratio), in agreement with the first hypothesis, but not with the second. Attempts to evaluate its composition from the OH900C and OH1000C diffraction patterns were not successful due to the high correlation between scale factors, atomic positions and thermal parameters of both phases. Furthermore, for OH1000C, the reflections of both phases were found to strongly overlap. The secondary phase was ultimately added to the refinements in profile matching mode, which also precluded refinement of its fractional content. The cell parameter of this secondary phase is found to be close to 4.15 Å for all samples ( Table 2) indicating that its composition varies little between samples. Hence, the Mn enrichment in the spinel phase is entirely driven by an increase in the rocksalt amount, which has a higher Ni:Mn ratio.
Electron Microscopy
In order to verify and complement the results from Rietveld refinements and obtain more insight into the rock salt phase, samples OH800C, OH900C and OH1000C were analyzed by electron diffraction (ED, Figure 4 ) and energy dispersive X-ray (EDX) analysis ( Table 4 ). Of the ~30 individual crystallites that were examined in each sample, 11% correspond to this rock salt phase in sample OH800C, 22% in OH900C and 30% in OH1000C. These fractions should be regarded as approximate because they are obtained from a small population of crystals within the sample, and cannot be directly translated to quantitative phase fractions because of the different size of the observed crystallites. Nonetheless, they provide valuable insight into the change in the relative contributions of the different phases that confirms the trend of increasing in rocksalt secondary phase with temperature, with no additional impurities. Although the overall Mn:Ni ratio is found to be 3:1 in all samples, matching the theoretical ratios in the reactants, deviations from this ideal composition were found in the spinel phase as the synthesis temperature was increased. More specifically, the average Mn:Ni ratios of the crystallites with a spinel structure in samples OH800C, OH900C and OH1000C were 1.52:0.48, 1.56:0.44 and 1.70:0.30 for OH1000C. These values are in remarkably good agreement with the compositions obtained from Rietveld refinements of ND data and confirm the gradual increase of Mn content at the expense of Ni in the spinel phase. The Mn:Ni ratio was also determined for crystals of the rock salt phase that were well segregated from those of spinel phase. This ratio was found to vary slightly with synthesis temperature, ranging from 0.66:0.34 in samples OH800C and OH900C to 0.63:0.37 for sample OH1000C, in agreement with the lack of change in cell parameters, as discussed above. To the best of our knowledge, this is the first experimental evidence that the rock salt phase is in fact a manganese-rich oxide that contains both transition metals in a different cationic ratio than in the spinel phase, in contrast to previously proposed compositions. 5, 24 The general composition can be written as (Li x Mn 0.66 Ni 0.34 ) y O based on the general M 4a O 4b formula for a disordered rock salt structure (Fm-3m space group), where the subindices indicate the corresponding Wyckoff sites. The values of x and y depend on whether this rock salt phase is cation deficient and on the manganese oxidation state.
Although in most cases the rock salt phase appeared as separate particles, examples were found of particles with discrete domains of the two structure types (Figure 4a ). The inset shows the corresponding electron diffraction pattern, which is the result of overlapping the individual patterns of the two structure types. A dark-field image of the same particle formed from a (2, -2, 0) reflection that could be indexed to a rock salt-type structure is shown in Figure 4b . The insets show the individual zone axis of each crystallite (<111> zone axis for the rock salt and <101> zone axis for the spinel). The corresponding cell parameters of both phases were in agreement with those obtained from ND data. The formation of the rock salt phase on the surface of the spinel constitutes further proof of the spinel to rock salt phase transformation within the same particle, as recently hypothesized for this system, 37 and is in agreement with a previous report in which the growth of an unidentified secondary phase was seen to form on the corner of a spinel particle. 21 Because both phases have the same cubic close packed oxide arrangement, the rock salt structure may be easily derived by cation migration and oxygen loss. 26 However, in this case the transition not only involves the displacement of lithium ions to octahedral sites as previously proposed in spinel systems 26 but also the migration of nickel ions towards the surface, where this rock salt phase forms. While the nickel content in the spinel phase gradually decreases, the rock salt domains, with a lower Mn:Ni ratio than the spinel, grow around the surface of the particles. The parent spinel phase is thus segregated into a composite that exhibits a spinel core and a rock salt surface structure. The fact that rock salt single-phase particles were abundantly observed by electron microscopy in our samples (not shown) suggests that either the transformation can come to completion within a particle or the rock salt domains detach before the transformation is complete. The fact that the two phases do not exhibit the same crystallographic orientation in Figure 4a might be due to the lattice mismatch between both phases at lower temperature, and would favor the second mechanism.
Nuclear Magnetic Resonance
Further insight into the local transition metal arrangement was obtained from the 6 Li MAS NMR spectra of these materials ( Figure 5 ). The large observed NMR shifts are due to the existence of Li-X-M (where X=anion, M=transition metal) contacts, which lead to hyperfine interactions of the probe nucleus with the unpaired electrons in Ni and Mn. 40 Shifts at around 0 ppm are ascribed to interactions involving only diamagnetic ions. The fact that either very small or undetectable signals were observed in this region indicates that the samples are mostly free of impurities due to the unreacted lithium precursor. The most intense isotropic resonances from the spinel phase appeared between 500 and 1200 ppm. Because the rock salt secondary phase was proposed to contain Li, it should also contribute intensity to the spectra at around 700-800 ppm, particularly in the case for OH1000C, based on prior studies. 41 The NMR spectra showed complex line shapes that changed noticeably with sample synthesis temperature. Because NMR is sensitive to all non-equivalent local environments for Li + ions and to the presence of different transition metal ions, [42] [43] [44] [45] the spectral complexity of the spinel samples was ascribed to the existence of a collection of environments with varying ratios of Ni and Mn in the first cation coordination shell. Most importantly, the presence of multiple resonances is an indication of crystallographic disorder in the sample. A fully ordered spinel sample with a Mn : Ni ratio corresponding to that of the overall spinel structure (1.5 : 0.5 in LiNi 0.5 Mn 1.5 O 4 ) would only contain the single lithium environment that is shown in the inset of Figure 6 . A broad peak was observed for OH500C, with few distinct features, which evolved into a better-resolved spectrum, with more discrete peaks, for OH700C, and then broadened again at higher temperatures. This trend is consistent with the order-disorder transition that has been reported to occur at around 700°C, and is consistent with previous NMR data reported for this phase. 41, 46, 47 It is also in agreement with the appearance of diffuse scattering in the neutron diffractograms of OH600C and OH800C.
Below the order-disorder transition temperature, the ordering increased with the synthesis temperature, which is most likely a kinetic phenomenon that follows the increase in crystallinity of the samples observed in the powder diffraction patterns (Figure 1 ). In general, there was an apparent correlation between shift of the center of gravity in the series ( Figure 5 ) and the extent of order. Three effects are proposed to come into play. First, and above 700°C, the content of Mn 3+ increases (Figure 3) , which results in a shift of the peaks to lower frequency. 41 Second, the increased linewidth and lower shift is due to the formation of a significant fraction of rock salt, particularly at the highest temperature (1000°C). Below 700°C, the shift in center of gravity must be related to a different Ni/Mn ratio in the spinel phase, or different magnetic properties, assuming that the Mn oxidation state is similar.
Overall, the NMR results were in excellent qualitative agreement with the conclusions reached from the Rietveld refinement of ND data. More quantitative information about the ordering can however be obtained by combining these two techniques. Sample OH700C, which showed the simplest NMR spectrum, was chosen for the initial analysis. According to the Rietveld refinement results, this sample was formulated as Li[Ni 0.39 Mn 0.11 ] 4b [Mn 1.42 Ni 0.08 ] 12d O 4 with a P4 3 32 unit cell. The presence of Ni-Mn mixing is consistent with the appearance of more than one peak in the NMR spectrum. This spectrum was modeled using a number of assumptions. First, each Li has 12 TM cations (TM=Ni, Mn) in its first cation coordination shell (see inset in Figure 6 ), creating hyperfine interactions that dominate the NMR shifts. Random exchange between the two transition metal sites leads to new lithium environments with Mn : Ni ratios for the cations in the 1 st coordination shell that deviate from the 3 : 1 value observed in the ideal ordered framework. The overall Mn : Ni ratio in each site ( Table 1 ) was used as a constraint when calculating the different local environments. Because Ni 2+ , Mn 3+ and Mn 4+ ions typically lead to very different hyperfine shifts in related oxide phases, [42] [43] [44] [45] an approximation was made that the change in the Mn : Ni ratio and the Mn oxidation state were the major factors behind the spectral features. However, initially, only Ni 2+ and Mn 4+ ions were considered to simplify the analysis; the small amounts of Mn 3+ found in ND data were assumed to have a smaller effect on the spectra and were initially ignored. The slight bond angle/distance deviations created by structural relaxations from the ideally ordered environments were also assumed to be small enough to only result in broadening of the corresponding peaks. For example, an environment with 1 Ni 2+ substituted into the Mn 4+ (12d) site and 1 Mn 4+ into the Ni 2+ (4b) site was considered to resonate at very similar shifts as one with no exchange, since both environments contain a total of 3 Ni and 9 Mn in the coordination shell in both cases.
The probabilities of finding a different number of Ni 2+ or Mn 4+ ions in the coordination sphere of lithium within this scenario were calculated for OH700C (Table 5 ). Environments with P<0.01 were considered to be virtually undetectable above the background of the spectrum. These values are roughly 2 orders of magnitude smaller than the highest probability values obtained in the calculation. Thus, only 5 different configurations, with from 1 to 5 Ni out 12 ions in the first cationic shell, were taken into account. In parallel, the 6 Li MAS NMR spectrum was deconvoluted with the minimum number of lines possible ( Figure 6 ). A satisfactory fit was achieved with 5 peaks, at 788, 885, 952, 1020 and 1097 ppm. A signal with shifts close to 950 ppm was observed in a previous study on a sample with an even higher degree of structural order, 41 and, therefore, was assigned to the ideal ordered environment. Slight deviations in intensity between the fit and the experimental data were found around 950 ppm. These effects reflected the need for additional peaks in the deconvolution, implying that the real structure is more complex than a model with 5 environments due to the presence of some Mn 3+ and additional local bond distortions. Nonetheless, the goodness of the fit warranted comparison of the intensity values with the probabilities of each environment in our model ( Table 5 ). The values matched well within error, and could be ordered to correlate environments with larger amount of Ni 2+ with higher hyperfine shifts. Further, this assignment paired the most intense resonance at 952 ppm with a general environment containing 3 Ni and 9 Mn ions, in agreement with the composition of the ideal ordered site. This model predicts that the absolute magnitude of shift induced by a Ni 2+ cation is larger than that of a Mn 4+ ion, which is in apparent contradiction with previous rules established from data on layered LiMO 2 (M=Ni, Co, Mn…), 45 albeit for different Li-O-M bond angles. The origin of this contradiction and, hence, the mechanism that could lead to higher shifts with higher number of Ni 2+ ions in the environment is not clear at this point. A theoretical and experimental study that assesses these effects and its role on resonance assignment will be the object of follow-up work. Interestingly, the resonance at 788 ppm was shifted by 100 ppm from the next highest frequency resonance, while the other resonances were separated by approximately 70 -75 ppm. This environment is tentatively assigned to Li nearby more surrounding Mn 3+ ions. This resonance corresponds to the Li environment nearby the most Mn ions, which is consistent with this assignment, since the Mn 3+ ions (or more likely, an electron delocalized over more than one Mn 4+ ) will reside in Mn rich regions and rather than stoichiometric Ni/ Mn ordered regions.
This approach was extended to model a disordered structure, where Ni and Mn are present on the same site and the only constraint is the Ni/Mn ratio in the overall compound. An average value of 0.45/1.55 was taken based on an average of the ND data. The results are found in Table 5 . Environments with more than 6 Ni in the coordination shell were neglected because they showed P<0.01. Comparison with the results obtained for the partially ordered structure discussed above revealed that two more environments, corresponding to 0 and 6 Ni in the coordination shell, should be detectable as well. Other than these two environments, no environment has a noticeably higher probability of being present ( Table 5 ). The NMR spectrum predicted by this model would show a larger degree of overlap because of local distortions caused by the reducing ordering, as is likely the situation in sample OH500C. A spectral deconvolution of this sample was attempted using these probabilities and peak shifts as soft constraints ( Figure S1 ). The result was in qualitative agreement with the hypothesis, except for an unexplained higher intensity between 400 and 500 ppm, which we tentatively assigned to Mn 3+ -rich regions. In the case of sample OH900C, the existence of distinct spectral features indicates that a spinel with partial short range ordering is present.
X-ray Absorption Near Edge Spectroscopy
An assessment of the electronic state of the transition metals in the spinel samples prepared in this study was carried out from Ni and Mn K edge XANES data. Virtually no change in the Ni K edge spectra was observed between samples OH500C and OH900C (Figure 7a and b), confirming that nickel is present as Ni 2+ . Some of the spectral features at the edge were different for sample OH1000C. The most visible was the shift of the white line summit to slightly lower energies. A similar displacement at around 8370 eV and a decrease in relative intensity at the first inflection point of the edge were also observed. These new features are reminiscent of the signals resulting from Ni 2+ in the rocksalt structure of NiO (Figure 7c ). As a result, this spectrum could be described as a combination of signals from Ni in both types of cubic structures, consistent with the observation of significant amounts of (Li x Mn 0.66 Ni 0.34 ) y O rocksalt impurity at these synthesis temperatures.
Changes in the Mn K edge spectrum of OH1000C with respect to the other samples were observed as well. In this case a hard shift of the whole edge to lower energies was found, which was even more visible in the derivative plot (Figure 8 ), indicating increased presence of Mn 3+ at 1000 °C. A slight shift to lower energy in the spectrum of OH900C with respect to OH500C-OH800C was also observed, consistent with both the increase in Mn 3+ content in the spinel phase deduced from the stoichiometry obtained from ND data at temperatures above 800°C, and the shift of the 6 Li NMR spectrum of this sample to lower frequencies (see above). Mn K-edge spectra from the rock salt manganese (II) material MnO were very different, consistent with the higher oxidation state of the rocksalt phase found in these "spinel" samples. Since the rock salt accounted for a significant portion of the sample at high temperatures, (TEM and ND), it was concluded that Mn 3+ predominates in its structure.
Magnetic characterization
The plots of the temperature dependence of the magnetic susceptibility (Figure 9 ) for the samples synthesized below 900°C revealed a ferrimagnetic ordering transition, accompanied by a strong susceptibility increase with temperature, consistent with previous reports on comparable samples. 48 The Néel temperature was the highest for OH700C, T N = 126 K, and decreased to 116 -118 K for OH600C and OH800C and to 109 K for OH500C. The higher Néel temperature for OH700C was ascribed to this sample containing the most ordered spinel phase. 48 OH900C and OH1000C showed broad susceptibility maxima centered around 35 K, a behavior more typical of a spin-glass or cluster-glass freezing than of ferrimagnetic ordering. The temperature dependences of the reciprocal susceptibility (inset in Figure 9 ) did not enter a linear regime in the temperature range studied for the samples synthesized below 1000°C because of the strong residual magnetic interactions, thereby precluding the fit of the data using the Curie-Weiss law in order to determine the effective magnetic moment. 27 The comparison of field-cooled and zero-field cooled susceptibilities was used to further characterize the magnetic interactions as they are highly sensitive to magnetic ordering accompanied by net magnetic moment formation, and to spin-glass freezing. At such transitions the difference between FC and ZFC curves increases, making it possible to identify phases or clusters ordering at different temperatures. Figure 9b illustrates the lowtemperature parts of the FC-ZFC curves, while Figure 9c magnifies the high-temperature region, where subtle deviations due to minority phases might occur. The FC and ZFC curves deviated at 122 K for OH700C, after a sharp ferrimagnetic transition, with no transitions observed at higher temperatures. However, the ZFC curve showed an additional maximum at 112 K, exactly where the ferrimagnetic transition for the disordered OH600C and OH800C samples occurs. This 112 K feature indicated a small degree of disorder in the spinel phase in OH700C, consistent with the ND and NMR results. The ZFC curves of OH900C and OH1000C revealed broad maxima typical of cluster-glass or spin-glass confirming the existence of significant structural disorder. While no high-temperature FC-ZFC deviations were found for OH600C, OH900C and OH1000C, both OH500C and OH800C showed pronounced irreversibility at temperatures as high as 350-400 K. It was hypothesized that these samples contain a small amount of ferrimagnetic impurities with a high ordering temperature. However, this impurity appeared to be different from the rocksalt phase in OH900C and OH1000C, which is either paramagnetic or antiferromagnetic.
The magnetization curve of OH700C ( Figure 9d ) indicated virtually no hysteresis and saturation at 3.12 µ B per formula unit, consistent with ferrimagnetic ordering. This saturation magnetization decreased slightly to 3.10 µ B for OH800C and OH600 C, and a slight linear increase at high fields was observed. Since some degree of local ordering was found in the samples by ND and NMR, the magnetic moments should also order locally in the same manner as in OH700C. Hence, the saturation magnetization values were similar. The minor linear increase of the magnetization came from disordered clusters, where the spins are likely frozen in a random configuration. The magnetization of OH500C, OH900C, and OH1000C did not saturate at the highest applied magnetic field of 9 T, achieving maximum values of 2.6, 2.0, and 0.8 µ B , respectively. The lack of saturation was caused by both an increased structural disorder in the spinel phase, which destroyed the ferrimagnetic ordering, and the presence of the rock-salt phase.
No previous characterization of the magnetic properties of rock salt Li x (Ni y Mn 1-y ) 1-x O is available. Previous results for the Ni 1-y Mn y O solid solution shows that it contains a random distribution of Ni and Mn ions and is antiferromagnetic with a Néel temperature changing linearly between 118 K (MnO) and 523 K (NiO) with composition. 49 Earlier investigations of the Li x Ni 1-x O series reported antiferromagnetic behavior for the phases x ≤ 0.3, which have a rock salt structure, and ferrimagnetism for phases with higher x, where an orthorhombic structure is present. 50 Cubic Li x Mn 1-x O (x = 0.52) is paramagnetic at room temperature and undergoes a spin-glass transition at 42 K. 51 Thus, a disruption of antiferromagnetic order is expected upon substitution of Li into Ni 1-y Mn y O. A similar effect should be observed in the spinel phase upon an increase in Mn content, as LiMn 2 O 4 is a strongly frustrated antiferromagnet showing an onset of long-range order below 60 K with a significant portion of spins still disordered at lower temperatures. 52 These conclusions are consistent with the observation of broad ZFC maxima and a significant linear component in the magnetization curves for OH900C and OH1000C. This response suggests the existence of a broad range of magnetic clusters that order over a wide temperature range. It is also supportive of the presence of a significant Mn 3+ content in the rock-salt phase in OH1000C, consistent with the XANES results, as the substitution of Li + and Mn 3+ into NiO disrupts the antiferromagnetic order, and, thus, no antiferromagnetic transitions, as expected for Ni 1-y Mn y O, are found.
Electrochemical characterization
The electrochemical properties of the materials were measured in order to evaluate the effect of the rich crystal-chemistry within the series. The voltage-capacity curve during the first cycle of the test cells is plotted in Figure 10 . Only 40 mAh/g, equivalent to the extraction of less than 30% of the theoretical available lithium in LiNi 0.5 Mn 1.5 O 4 , was obtained on charging OH1000C to 5.0 V. The poor performance indicates that the Ni, Mn-containing rock salt phase that forms a considerable fraction of the sample is electrochemically inactive. The TEM results above indicate that it can be found both as a coating of spinel particles and as segregated particles in this sample. Therefore, the existence of rock salt impurities not only lowers the overall capacity of the electrode, but also isolates the spinel domains from direct contact with the electrolyte. This secondary phase was found to be ubiquitous in the samples made in this study. Its minimization is necessary to optimize electrochemical properties.
Lithium extraction occurred mainly between 4.6 and 4.85 V in the samples made at T<1000°C, where oxidation of Ni 2+ ions occurs. 20 A clear voltage plateau at 4.76 V was found in all samples, accompanied by another at 4.70 V that was most defined for OH800C and 900C (Figures 10 and S2 ). Several reports exist in the literature that indicate that the exact mechanism of lithium deintercalation is dependent on transition metal ordering. 19, 21, 22, 37, 53, 54 In turn, the mechanism of deintercalation is reflected macroscopically on the voltage profiles, particularly on the 4.70 V plateau. The subtle differences in shape found around this voltage are most likely a manifestation of the correspondingly subtle differences in transition metal ordering revealed in the previous sections. The existence of two plateaus separated by more than 50 mV is typically associated with a disordered structure. The gap is reported to shrink to 30 mV in samples labeled as "ordered", and the two plateaus become virtually indistinguishable. However, the ND pattern of OH700C was indexed with a P4 3 32 superlattice due to a considerable degree of cationic ordering, as confirmed by MAS NMR, yet the gap between high voltage plateaus was 60 mV. It is concluded that an even closer to ideal Ni/Mn ordering is required for a smaller voltage gap to develop.
Electrochemical activity was also found below 4.4 V, which is commonly ascribed to the oxidation of Mn 3+ in the spinel structure. 20 When the samples were made at 600°C≤T≤900°C, a shoulder centered at 4.1 V developed in the electrochemical profiles. The amount of capacity obtained during this process (Table 6 ) correlated well with the Mn 3+ content in the spinel phase extracted from ND and EDS. A smooth increase in potential was observed at these potentials for OH500C ( Figure 10 ), leading to an anomalously high capacity below 4.4 V (Table 6 ) compared to the refined composition. This sample shows the largest ND reflections, indicating low crystallinity and/or small particle size. Indeed, as reported in a parallel study, 14 it comprised agglomerated secondary particles formed of primary particles of up to 50 nm in size. Smaller particle sizes imply an increase in the ratio of surface sites with respect to bulk, and a higher fraction of surface and sub-surface sites for lithium where the lattice is distorted with respect to a bulk crystalline sample. In combination with the low crystallinity, the result is a large range of local environments, as supported by the peak broadening in the 6 Li MAS NMR spectrum, and a range of potentials over which lithium can be extracted. 55 In turn, the capacity at low voltages for OH1000C is less than expected on the basis of the composition obtained from Rietveld refinements. Here, the large concentration of the rocksalt phase, which is largely inactive and partially coats the spinel phase, results in poor electrochemistry that is no longer quantitative for Mn 3+ content.
The results obtained after completion of 30 charge-discharge cycles at C/10 are shown in Figure 11 . Due to its very low initial capacity, data for OH1000C were excluded. A general improvement in initial specific capacity and cycle retention was observed with temperature of synthesis even at these fairly low rates. This improvement seems to be, at least partly, driven by the increase in crystallinity (Figure 1 ) and particle size. 14 The only exception was found in the capacity retention values of OH600C and OH700C, which were 87 and 84%, respectively ( Table 6 ). These trends were largely amplified when the rate was increased. 14 The poor electrochemical performance of OH700C was attributed to its highest degree of Ni/Mn ordering, in agreement with earlier reports. 21, 29, 31, 56 Indeed, larger voltage polarization between charge and discharge was observed in this sample compared to OH600C, 800C and 900C ( Figure 10 ). The increased polarization could be indicative of the detrimental effect of cationic ordering on transport properties. It is worth emphasizing the sensitivity of electrode performance to the extent of ordering. Even a structure like that of OH700C, where partial disorder of Ni and Mn occurs in a P4 3 32 superlattice, would not be desirable in order to optimize properties.
Conclusions
In-depth characterization of samples formally formulated as LiNi 0.5 Mn 1.5 O 4 has revealed the subtle crystal-chemical intricacies of this compound. Under the conditions chosen for the synthesis, the spinel samples systematically showed deviations from the theoretical stoichiometry, which involved an excess of Mn. The Mn excess resulted in the formation of some Mn 3+ and was compensated (or driven) by the formation of a secondary phase with a rocksalt structure, not by the creation of oxygen vacancies. For the first time, it was reported that this rock salt phase contains both Mn and Ni in a lower ratio than in the spinel phase (ca. 2 to 1 vs. 3 to 1). Its formation occurs through the preferential extrusion of Ni out of the spinel particles, its content in the sample being correlated with the amount of Mn overstoichiometry in the spinel phase. Detailed insight into the ordering schemes possible in "LiNi 0.5 Mn 1.5 O 4 " was also provided. It was shown that samples showing superstructure reflections do not necessarily have perfect Ni and Mn ordering in a P4 3 32 superlattice. Local deviations from the ideal picture, as well as different disordered schemes, are possible. Indeed, some samples were shown to have some degree of preference for certain Ni/Mn distributions even if they crystallized in a disordered framework. The off-stoichiometry in OH700C, a sample crystallizing in a P4 3 32 unit cell, demonstrated that the presence of Mn 3+ in the spinel structure does not completely preclude Ni/Mn ordering. Generally speaking, this work highlights the importance of careful characterization of "LiNi 0.5 Mn 1.5 O 4 " samples if the goal is to establish composition-structure-properties correlations. Electrode testing confirmed that composition and structure affect the response of the material. However, while worse cycling performance was obtained for the most ordered sample, no difference in the position of the high voltage plateaus was found between samples with different Ni/Mn arrangements. Given the notable entanglement between and crystal-chemical parameters, more work is needed to completely correlate them to electrochemical properties. However, the detailed picture obtained from this study provides a necessary initial underpinning to the task of achieving control of these parameters through the synthesis conditions. Such control is required to design LiNi 0.5 Mn 1.5 O 4 electrodes that are closer to the performance limit that the material can offer. a) Bright field image of a particle containing different crystallites. The inset shows the corresponding electron diffraction pattern, which results from the overlapping patterns of each crystallite. b) Dark-field image of the particle formed from a (2, -2, 0) reflection that could be indexed to a rock salt-type structure. The insets show the individual zone axis of each crystallite : <111> zone axis for the rock salt phase and <101> zone axis for the spinel phase. Deconvolution of the 6 Li MAS NMR spectrum of OH700C. See text for details on experimental constraints. The best fit was achieved by using a Lorentzian function for the most intense peak and the largest line broadening for the peak at 788 ppm. Blue: experimental data; red: additive theoretical spectrum; green: deconvoluted peaks. The inset represents the lithium local environment in an ideally ordered spinel structure with formula LiNi 0. Ni K edge XANES data for the samples prepared in this study, as indicated. a) experimental spectra, b) first derivative and color code, c) comparison of OH900C and OH1000C with the spectrum of a NiO standard. Mn K edge XANES data for the samples prepared in this study, as indicated. a) experimental spectra with a MnO standard (black), b) first derivative and color code. First cycle of lithium metal half-cells containing the samples synthesized in this study, as indicated, as positive electrodes, cycled at C/10. Specific discharge capacity vs. cycle number of lithium cells containing the samples synthesized in this study, as positive electrodes, cycled at C/10. Inverted triangles: OH500C; triangles: OH600C; diamonds: OH700C; squares: OH800C; circles: OH900C. 1.0 (6) 1.6(9) 0.5 (7) O (32e) 1.1(1) 0.9 (2) 0.83 (9) 1.0(1) Comparison with the results of the deconvolution of the 6 Li MAS NMR spectrum of OH700C ( Figure 6 ). Summary of critical electrochemical parameters obtained from the cycling of samples in Li metal half cells at C/10. No cycling data is provided for OH1000C due to its poor first cycle performance. 
